In this study, we analyse the degree of polarisation-a concept fundamentally different from that of inequality-in the international distribution of CO 2 emissions per capita in the European Union. It is analytically relevant to examine the degree of instability inherent to a distribution and, in the analysed case, the likelihood that the distribution and its evolution will increase or decrease the chances of reaching an agreement. Two approaches were used to measure polarisation: the endogenous approach, in which countries are grouped according to their similarity in terms of emissions, and the exogenous approach, in which countries are grouped geographically. Our findings indicate a clear decrease in polarisation since the mid-1990s, which can essentially be explained by the fact that the different groups of countries have converged (i.e. antagonism among the CO 2 emitters has decreased) as the contribution of energy intensity to between-group differences has decreased. This lower degree of polarisation in CO 2 distribution suggests a situation more conducive to the possibility of reaching EU-wide agreements on the mitigation of CO 2 emissions.
Introduction
The concept of polarisation is associated with the degree to which the distribution of a given variable tends to cluster around homogeneous poles which are distant from one another. A distribution is highly polarised when there are few poles, each large in size, and a high degree of antagonism between them. Interest in this phenomenon, and in measuring it, is due to its link to the potential for conflict. Moreover, as demonstrated by Esteban and Ray (1994) , this concept is also fundamentally different from that of inequality (Cowell, 1995) .
Because polarisation is associated with the potential for conflict, it is an especially relevant concept for the analysis of scenarios in which agents must negotiate and reach agreements. This is the case for the agreements on how to distribute, among the various European Union countries, the necessary efforts to reduce CO 2 emissions in order to meet the mitigation objectives assumed by the EU as a political unit. Specifically, it would seem reasonable to assume that, all other factors being equal, greater polarisation of the distribution of CO 2 emissions among European Union countries would mean less cohesion around effort-sharing proposals to address the problem and greater difficulty in reaching agreements.
The European Union has taken on greater commitments in the struggle against climate change than any other political community to date. In March 2007, the European Council committed to reducing greenhouse-gas emissions by at least 20% (compared to 1990 levels) by 2020, with the option of raising the target to 30% if the other high-income countries agreed to a comparable objective.
Nevertheless, there is great inequality among the various EU countries in terms of emissions per capita, the ambition to meet the set goals, and stances with regard to the criteria applied in the distribution of efforts. Similar processes of negotiation and conflict had already occurred in the Kyoto discussions among the then 15 EU member states leading up to the adoption of the 8% reduction target. Today, due to the larger number of member states and the diverse range of situations they bring to the table, as well as the need to reach increasingly ambitious goals in the future, it is more important than ever to analyse the various factors that can increase or decrease the likelihood of reaching agreements at the EU level.
Given the potential relevance of the subject, it seems worthwhile to conduct a quantitative assessment of the evolution of the polarisation of emissions of the various European Union countries. The literature describes two major approaches to measuring polarisation. The first of these is the endogenous approach, in which groups (of countries, in our case) are formed on the basis of similarities, using mechanisms aimed at minimising intra-group differences. The polarisation indices developed by Esteban and Ray (1994) and Esteban et al. (2007) for multiple-pole cases and by Wolfson (1994 Wolfson ( , 1997 and Wang and Tsui (2000) for the specific bipolar case are commonly cited examples of this approach. The second is the exogenous approach, comprising methods in which groups are determined ex-ante, for instance on the basis of geographical criteria. One example is the method proposed by Zhang and Kanbur (2001) , which is based on inequality decomposition by population subgroups (Shorrocks, 1984) .
This concept has only previously been applied to the analysis of environmental distribution by Duro and Padilla (2008) , in a study analysing polarisation in the international distribution of CO 2 emissions using the indices proposed by 1 Specifically, Bulgaria, Estonia, Hungary, Latvia, Lithuania, Poland, Romania and Slovakia, with Italy later joining the group. The governments of these countries questioned whether the goals should be so ambitious and rejected the adoption of measures that did not adequately respect the various countries' differences in terms of economic potential. Esteban et al. (2007) , and by Duro (2010) , in a paper analysing international polarisation by means of the exogenous approach, which also made it possible to carry out a factor decomposition analysis. In the present study, we carry out the first polarisation analysis of the European Union-a 27-country political unit that has jointly adopted mitigation objectives-using both the exogenous and endogenous approaches, with a view to gaining a more complete understanding of the situation. Specifically, we analyse the polarisation of CO 2 emissions per capita in the European Union from 1990 to 2007.
The rest of the paper is structured as follows. In Section 2, we review the main methodological aspects associated with the measurement and decomposition of polarisation. In Section 3, we provide empirical evidence derived from the application of polarisation measures to the case of CO 2 emissions in European Union countries from 1990 to 2007. Finally, in Section 4, we present our main conclusions.
Methodological aspects
Non-parametric techniques for analysing the shape and dynamics of a distribution-in other words, density function estimation-are unable to obtain precise quantitative information about changes in polarisation over time (Ezcurra, 2007) . We must therefore explore the various alternatives that have been proposed in the literature, which can be grouped in two major categories.
The first category comprises methods in which groups are formed optimally, with the aim of minimising within-group heterogeneity. This category includes the ER indices, proposed by Esteban and Ray (1994) , and the EGR indices, proposed by Esteban et al. (2007) , both designed for general cases of polarisation, as well as the measures proposed by Wolfson (1994 Wolfson ( , 1997 and by Wang and Tsui (2000) , designed specifically for the bipolar case. The second category includes the Z-K index, proposed by Zhang and Kanbur (2001) .
All methods for measuring polarisation, regardless of category, satisfy two basic properties. First, the measured polarisation increases as within-group inequality decreases; in other words, greater internal cohesion strengthens group identification and therefore increases the potential for conflict ("identification effect"). Second, the measured polarisation increases as the distance (antagonism) between the groups increases ("alienation effect").
With the notation adapted to the analysis of CO 2 emissions, the EGR indices would formally be defined as:
where p i and p j are the relative populations of countries i and j; e i and e j are the CO 2 emissions per capita of countries i and j; e is the worldwide average;  is the parameter that measures the sensitivity of the measure to polarisation, the value of which falls between 1 and 1.6;  is a parameter showing the measure's sensitivity to the groups' level of cohesion; G is the Gini coefficient of the original distribution; and G s is the Gini coefficient of the grouped distribution (between-group inequality). The higher the value of , the greater the conceptual difference between EGR and the Gini coefficient.
The measure comprises two addends. The first addend corresponds to the ER index, which is axiomatically derived using a behavioural model (Esteban and Ray, 1994) . The second addend takes into account the error committed when the observations are grouped and the distribution is simplified by poles, thereby incorporating a statistical approach into the measurement of polarisation.
Specifically, this second addend is equal to the difference between the overall inequality and the between-group inequality, and therefore provides an intuitive estimate of the degree of within-group inequality. The parameter β weights this error component ( = G -G s ) in the general value of the measure. Thus, following Duro (2005) , it would be reasonable to set  at a value of 1, mainly because the EGR and Gini values are similar.
Before the aforementioned formula can be applied, we must define the cut-off points between the groups (which are exhaustive and mutually exclusive), thus obtaining the simplified representation of the original distribution. As an example, one reasonable option would be to establish these boundaries following the method proposed by Davies and Shorrocks (1989) , in which the cut-off point between groups is defined by the average weighted emission (income in the original formulation) of the two adjacent groups.
The EGR measures seem, for various reasons, to be preferable to those proposed by Wolfson (1994 Wolfson ( , 1997 and Wang and Tsui (2000) . First, they are theoretically derived from the establishment of conflict models. Second, they can be applied not only to the examination of bipolarisation, but also to the analysis of polarisation generally.
It may also be of interest to analyse the degree of polarisation when groups are determined ex-ante according to some reasonable criterion, such as geographical location. Zhang and Kanbur (2001) suggested a polarisation measure based on the inequality decomposition by groups (Shorrocks, 1980 (Shorrocks, , 1984 . One advantage of this measure is that it easily accommodates various decomposition formats. Specifically, the degree of polarisation of a distribution could be expressed as:
where
where g denotes a group, e g is the average emissions per capita for group g, and Tg is the internal inequality of group g.
Notice that the numerator reflects the magnitude of the heterogeneity between the groups, like the alienation effect in the EGR approach, while the denominator reflects the magnitude of the internal heterogeneities, like the identification effect. Thus, growth in the between-groups component (i.e. groups becoming more antagonistic) consistently tends to increase the value of the measurement, whereas an increase in internal heterogeneity (i.e. less identification) tends to reduce its value.
This measure also behaves differently from conventional inequality measures such as the Theil index (see Cowell, 1995) . Specifically, the discrepancy is associated with the different role attributed to intra-group inequality. There is a positive relationship between intra-group inequality and the global inequality approach, but it turns negative depending on the polarisation approach. For practical purposes, then, a significant variation of the within-group component could lead to inconsistent patterns between inequality measures and the Z-K measure.
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An essential aspect, for analytical purposes, is that the between-group inequality component can in turn be decomposed by multiplicative factors, as with the Kaya identity (1989), according to the methodology proposed by Duro and Padilla (2006) , and the same procedure can also be performed in the within-groups component, given that it is simply a weighted average of the inequality indices. Therefore, as Duro (2010) noted, we can evaluate the sources of change in the value of the Z-K index by decomposing its group components. 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 2 0 0 0 2 0 0 1 2 0 0 2 2 0 0 3 2 0 0 4 2 0 0 5 2 0 0 6 2 0 0 7
Empirical evidence

Endogeneous groups
Note: 1990 = 100
Source: Drawn up by the authors using International Energy Agency data (IEA, 2010a).
Let us now analyse the evolution of the polarisation that has accompanied these changes in emissions in the European Union. If, for example, the overall reduction in emissions per capita had coincided with an increase in polarisation, then tensions could be expected to arise among the countries, against the backdrop of the need to reach mitigation agreements. The results indicate, first of all, a certain stability of values towards the mid1990s, and a considerable non-monotonic decrease since then (Tables 1, 3 and   5 ). This pattern holds regardless of the parameterisation used for  and the number of groups. For example, the two-group EGR decreases by 38% when  = 1, by 42% when  = 1.3, and by 49% when  = 1.6; the three-group EGR decreases by 27%, 31% and 35%; and the four-group EGR decreases by 22%, 23% and 25%, respectively.
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Let us now consider the role of changes in relative weights and relative emissions in determining the evolution of the ER component. In the bipolar case (Table 2) , we can clearly discern the role of the lower degree of alienation,
given that the groups of countries with the lowest and highest levels of relative emissions are both close to the mean. In the three-group case (Table 4) we see a similar effect, with the middle and high groups approaching the mean, but also a weighting effect due to the increased size of the middle group.
An analysis of the error term () reveals that variations in this term over time have a limited impact on reducing the aforementioned polarisation. In the bipolar and four-group cases, the value of the error in 2007 is very similar to that obtained in 1990. In the three-group case, variations in the error term are somewhat greater, but their contribution to the decrease in polarisation is significantly smaller than the contribution of changes in the aforementioned relative weights and relative emissions. Thus, in global terms, the generalised evolution of polarisation can be attributed to the simplified polarisation component. Note that the various endogenous groupings have high explanatory capacity. In the two-group case, inter-group differences account for 70% of the overall international inequalities; this explanatory capacity reaches 89% in the threegroup case and 94% in the four-group case. The limited increase in explanatory capacity as the number of groups increases beyond three leads us, intuitively, to prefer the three-group simplification. In any event, as Esteban et al. (2007) noted, the value of the generalised polarisation itself provides clues as to the most appropriate grouping. The analysis clearly indicates that the two-and three-group cases are superior to the four-group case, but does not conclusively point to a general preference between the two-and three-group cases. Thus, with the exception of the past few years, the two-group simplification seems to be the most appropriate option; however, in the interest of maintaining explanatory capacity, the three-group option is the preferred form of analysis for the most recent years of the study period. An analysis of the evolution of inequality-a distribution concept that is, as mentioned above, fundamentally different from polarisation-reveals, in the same period, a noticeable downward trend that is nonetheless generally less intense and more monotonic than the trend revealed by the polarisation measures. The Gini coefficient decreases by 20% over the course of the study
In any event, this evolution reinforces the "goodness" of the distributional pattern followed by the emissions of the various EU countries. 1 9 9 0 1 9 9 2 1 9 9 4 1 9 9 6 1 9 9 8 2 0 0 0 2 0 0 2 2 0 0 4 2 0 0 6
EGR (2) EGR (3) EGR ( 
Exogenous groups
As a complement to our analysis of endogenous groups, it is of interest to analyse the polarisation found using ex-ante groups of countries. We selected geographical location as a reasonable criterion for the grouping. Specifically, we chose an apparently reasonable three-group structure that provides better results than other exogenous segmentation options. We named the groups Europe North (Austria, Belgium, Denmark, Finland, France, Germany, Ireland, Luxembourg, the Netherlands, Sweden and the United Kingdom), Europe East (Bulgaria, the Czech Republic, Estonia, Hungary, Latvia, Lithuania, Poland, Romania, Slovakia and Slovenia) and Europe South (Cyprus, Greece, Italy, Malta, Portugal and Spain). Although this proposal is based on geographical, political and economic criteria rather than on an optimisation process as in the previous section, we find a degree of similarity between this analysis and that of the endogenous groups; note, for example, the degree of agreement with the other grouping for the year 2007. 6 For this analysis, we used the Z-K index, which has the advantage of being decomposable, a characteristic which enables us to investigate which sources explain the overall polarisation results. Table 7 shows the results of the Z-K index for the aforementioned groups of EU countries. As in the endogenous polarisation analysis, we find a clear overall decrease over the course of the study period: the value of the polarisation measure dropped from 0.50 in 1990
to 0.12 in 2007. This amounts to a 77% decrease, which is larger than the reduction calculated for the endogenous indices mentioned above. An analysis of the group inequality components that make up the index indicates that the bulk of this decrease can be attributed to the behaviour of the between-group component, which decreased by 79% during the study period, while the 9% decrease in within-group inequality helped to increase polarisation (by making the various groups somewhat more internally homogeneous). This result is in line with our intuitive interpretation of the endogenous polarisation analysis. Also, the rather low level reached by the between-group component indicates that any significant future reductions in polarisation would have to be based on an increase in the within-group component (in other words, a lower level of internal cohesion would prevent groups from forming around different interests). Given the importance of the evolution of the between-group component in explaining the reduction in exogenous polarisation, it is of interest to investigate the factors behind this evolution. The Kaya identity (1989) enables us to decompose emissions per capita into three factors: carbon emissions per unit of energy consumed, energy intensity, and GDP per capita. The methodology proposed by Duro and Padilla (2006) makes it possible to decompose the value of the Theil index of inequality in emissions per capita into the inequality attributable to the three Kaya factors plus two interaction terms. We applied this methodology to decompose the between-group inequality.
The decomposition results shown in Table A .2 of the Appendix indicate that the partial contribution of energy intensity played an important role in the considerable decrease in inequality (81%). Nevertheless, the great importance of the interaction factors obliges us to consider their evolution as well, in order to account for the overall effect on the evolution of the components associated with the different Kaya factors. If we distribute the interaction components among the various factors that generate them following the criterion of Shorrocks (jointly generated, equally distributed), we obtain the results shown in Table 8 . The lower contribution to inequality of energy intensity-which no longer plays anything like a leading role-largely explains the evolution of the inequalities and offsets the greater contribution associated with the affluence factor.
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The negative component can be explained by the fact that the region with the greatest energy intensity tends to be the one with the lowest GDP per capita (note the significantly negative interaction factor in Table A .2), which results in these two inequalities cancelling one another out and, in the case of energy intensity, leading to a negative net contribution. Source: Drawn up by the authors using International Energy Agency data (IEA, 2010a (IEA, , 2010b (IEA, , 2010c .
Note: The percentage with respect to between-group inequality is shown in brackets. Source: Drawn up by the authors using International Energy Agency data (IEA, 2010a (IEA, , 2010b (IEA, , 2010c .
Note: The value 1 corresponds to the world average for each year and factor.
Let us now examine the component associated with the energy intensity factor.
The observed The within-group component is less relevant to explaining the evolution of polarisation in the European Union. This polarisation-which, as mentioned above, has tended to increase-can essentially be attributed to the smaller contribution of GDP per capita to within-group inequality. The groups are 8 In the Europe East zone, energy intensity dropped from 359 to 193 over the same period.
therefore somewhat more homogeneous as a result of this factor's smaller contribution to within-group inequality. Source: Drawn up by the authors using International Energy Agency data (IEA, 2010a (IEA, , 2010b (IEA, , 2010c .
Note: The percentage with respect to within-group inequality is shown in brackets.
Concluding remarks
In this study, we have made the first analysis of the polarisation of CO 2 emissions per capita for the countries of the European Union from 1990 to 2007. The study offers an in-depth examination of the measurement of a distributional characteristic closely related to the likelihood of reaching agreements on mitigation policy, a crucial aspect in the current context of EU policies and strategies to mitigate climate change.
In this analysis, we used the EGR indices (Esteban et al., 2007) , which are designed for analysing polarisation in general (i.e. regardless of the number of groups) and take into account the error committed in the formation of groups.
We also used the Z-K polarisation index (Zhang and Kanbur, 2001) , which allows the analysis of polarisation with exogenous groups (in our case, three regional groups: Europe North, Europe South and Europe East) and the decomposition of the results by explanatory factors.
Our findings revealed a considerable non-linear decrease in polarisation concentrated between the mid-1990s and the present day. Most of this decrease can be attributed to the convergence of the various groups in terms of emissions per capita (i.e. antagonism among the groups has decreased). In the endogenous analysis, segmentation of the countries into two or three poles was found to be very appropriate, with a low level of information loss associated with the grouping. In the analysis of the polarisation with exogenous groups-which showed an evolution qualitatively similar to that of the polarisation with endogenous groups-we confirmed that the decrease in polarisation can be attributed to the lower degree of antagonism between the groups, which can largely be explained by the lower contribution of the energy intensity factor. Indeed, energy intensity goes from being the main factor explaining the divergence among the groups to playing a role in reducing this divergence, a phenomenon explained by the strong negative between-group correlation between energy intensity and affluence. The internal coherence of the groups increased slightly, but this effect was easily offset by the decreased antagonism among the groups.
In short, we found that the overall reduction in emissions per capita in the European Union has coincided with a considerable reduction both in the polarisation of the distribution and in inequality. The overall evolution has thus been marked by a process of convergence among the countries, which tends to reduce tension in negotiations and increase the likelihood of reaching agreements on common mitigation policies at the EU level. Nevertheless, despite the reduced level of divergence in the distribution, the chances of reaching such an agreement are also heavily influenced by the degree of overall sacrifice required. If drastic levels of greenhouse-gas reduction are required-greater than 50% or 80%, as is recommended to help stabilise atmospheric gases at levels considered to be reasonable-then the persistence and evolution of distributional differences will continue to be highly relevant factors in discussions about mitigation agreements. Source: Drawn up by the authors using International Energy Agency data (IEA, 2010a (IEA, , 2010b (IEA, , 2010c .
